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Feasibility and validation of spinal cord vasculature
imaging using high resolution ultrasound
Foad Abd Allah, MD,a,b Shahram Majidi, MD,a Masaki Watanabe, MD, PhD,a
Saqib A. Chaudhry, MD,a and Adnan I. Qureshi, MD,a Minneapolis, Minn; and Cairo, Egypt
Background: A noninvasive method of visualization of the anterior spinal artery such as ultrasound that can be utilized in
emergent or intraoperative settings can reduce the risk of spinal cord ischemia.
Objective: We assessed the feasibility of imaging and characterizing blood flow in the anterior spinal artery using
ultrasound with concurrent validation using a cadaveric model.
Methods: We developed a protocol for ultrasonographic assessment of anterior spinal artery based on anatomic,
morphologic, and physiologic characteristics of anterior spinal artery and determined the feasibility in 24 healthy research
participants using high frequency probe (3-9 MHz) through the left lateral paramedian approach in the area between T8
and T12. We ascertained the detection rate, depth of insonation, and flow parameters, including peak systolic velocity,
end diastolic velocity, and resistivity indexes for both segmental arteries and anterior spinal artery within the field of
insonation. We validated the anatomical landmarks using simultaneous spinal angiography and simulated anterior spinal
artery flow in a cadaveric set-up.
Results: We detected flow in all segmental arteries at different levels of our field of insonation with mean depth (
standard deviation) of insonation at 3.9 0.7 cm identified by characteristic high resistance flow pattern. Anterior spinal
artery was detected in 15 (62.5%) research participants at mean depth ( standard deviation) of 6.4  1.2 cm identified
by characteristic low resistance bidirectional flow. Age, gender, and body mass index were not correlated with either the
detection rate or depth of insonation for anterior spinal artery. Simultaneous spinal angiography and simulated anterior
spinal artery flow in a cadaveric set-up confirmed the validity of the anatomic landmarks by demonstrating concordance
with results obtained from volunteer research participants.
Conclusions: The current study describes a technique for noninvasive imaging of spinal vasculature using ultrasound
which may enhance our diagnostic capabilities in emergent and intraoperative settings. ( J Vasc Surg 2012;56:637-43.)
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CAnterior spinal artery is the major arterial supply to the
spinal cord, and acute or subacute occlusive conditions
involving the anterior spinal artery can result in spinal cord
infarction.1 Anterior spinal artery occlusion has been re-
ported to occur in 3.7% of patients with thoracic aortic
aneurysm2 and in 5.6% of patients undergoing open surgery
or endovascular stent graft repair of the thoracoabdo-
minal aortic aneurysms.3,4 Magnetic resonance angiography
(MRA), multi-detector computed tomography (MDCT),
and spinal angiography are currently utilized for visualization
of the anterior spinal artery5,6; however, these tests re-
quired specialized equipment and are not adapted for cer-
tain clinically relevant settings. A noninvasive method of
visualization of anterior spinal artery that can be utilized in
an emergent setting and can provide intraoperative real-
time monitoring can be invaluable before and during sur-
gery or stent graft placement in the descending thoracic or
proximal abdominal aorta. Spinal cord ischemia (paraplegia
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doi:10.1016/j.jvs.2012.02.037nd paraparesis) was documented in 3.2% of 2872 patients
fter endovascular treatment of the thoracic aorta.7 The
urpose of this study is to test the hypothesis that high
esolution ultrasonography can be used for visualization of
he anterior spinal artery. Our goal was to develop a stan-
ardized protocol for anterior spinal artery insonation and
est the feasibility and validity of this protocol using studies
erformed in human volunteers and cadaveric models.
ETHODS
We evaluated the feasibility of insonating the ante-
ior spinal artery in 24 normal volunteers. After explain-
ng the study methodology to our research participants
nd obtaining their consent, we recorded pertinent in-
ormation, including age and gender. Body mass index
BMI) was calculated (kg/m2) and further stratified into
he following categories: normal, 24.9 or less; over-
eight, 25 to 29.9; obese, 30 or more. The examination
rocedure was done by an experienced neurovascular
onographer certified by the Intersociety Commission
or Certification in Neurosonology, Neurosonology Re-
earch Group of the World Federation of Neurology, and
uropean Society of Neurosonology and Cerebral He-
odynamics. The examination was done at the ultra-
ound laboratory of the University of Minnesota Medical
enter, Fairview Health Care System. The details of the
echnique are provided below.
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Research participant’s position. The examination
was performed in the sitting position with slight forward
bending of the thoracolumbar vertebrae by arching of the
spine.We used the upper margin of iliac crest to identify the
lower margin of the fourth lumbar (L4) vertebral body. We
moved the probe up counting the subsequent vertebral
bodies. The area between thoracic vertebral levels T8 and
T12 was identified and marked. This area represented the
region of interest for insonation (Fig 1, A and B). The
landmarks were chosen based on other recent imaging
studies8,9 that have identified the most common origin of
artery of Adamkiewicz on the left side at variable levels of
the lower half of the dorsal thoracic vertebral column.
Identification of artery of Adamkiewicz was used because
the artery allows identification of conduit between the aorta
and the anterior spinal artery, and flow is expected to be
obvious in the anterior spinal artery at that segment.10
Ultrasound system and parameter setting. We used
a Phillips IU22 machine (Phillips Health Care System,
Bothell, Wash) with high frequency transducer 3 to 9MHz
with adjustment of different parameters like depth, gain,
frequency control, dynamic range, and color scale deemed
appropriate to ensure optimal insonation for each individ-
ual research participant. The settings were adjusted to
improve image resolution and color sensitivity with possi-
ble range of tissue penetration. For Doppler flow analysis,
we used a sample volume size from 2 mm to 3 mm with 0
angle of insonation to account for the bidirectional flow in
the anterior spinal artery and to avoid adjusting the angle of
insonation to flow direction. We measured and recorded
the following Doppler flow parameters: peak systolic veloc-
Fig 1. Patient placed in the sitting position with slight
marked between T8 and T12 by identification of tho
transducer.ity, end diastolic velocity, resistivity index, and depth of bnsonation for both segmental arteries and anterior spinal
rtery (when detected).
Scanning procedure. We used B-mode to identify the
pinous processes visualized as curvilinear hyperechoic sig-
als (bright white lines) with black acoustic shadowing
osteriorly. Once the interspinous spaces were identified,
sually at depth ranging from 3 cm to 4.5 cm (Fig 2), we
witched to color coded mode. We were able to visualize
he segmental arteries in the interspinous spaces at the same
epth range with characteristic Doppler waveform of high
esistance flow (Fig 3). Subsequently, we increased the
epth of insonation to range from 5 cm to 8 cm to visualize
he anterior portion of the dural sac (Fig 4,A). We focused
n the area anterior to the spinal cord to identify the
nterior spinal artery within transverse and longitudinal
enous networks (Fig 4, B). Anterior spinal artery flow is
idirectional and exhibits low resistance flow pattern con-
aminated with nonpulsatile venous flow (Fig 4, C). Once
e identified the anterior spinal artery flow within the
natomical region of interest, we used zoom function to
cquire anterior spinal artery images.
onfirmatory studies in cadaveric model
We performed a cadaver experiment to validate the
natomic landmarks used in human volunteers for identifi-
ation of anterior spinal artery. The protocol was reviewed
nd approved by the Anatomy Bequest Program at the
niversity of Minnesota. The cadaver was a 72-year-old
an with height and weight of 168 cm and 75 kg, respec-
ively. We placed a femoral artery introducer sheath (6F) in
he right femoral artery after surgical exposure. A 5F duck-
ead type catheter (Mikaelsson Angiodynamics, Queens-
ing of thoracolumbar spine. The field of insonation is
levels using high frequency 3 to 9 MHz linear arraybend
racicury, NY) was advanced in the thoracic and abdominal
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Volume 56, Number 3 Abd Allah et al 639aorta under fluoroscopic guidance and used to catheterize
segmental arteries in the lower thoracic region. Digital
subtraction images (OEC9800; GE Health Care, Wauke-
sha, Wisc) were acquired using selective contrast injection.
The major segmental artery was identified as right thoracic
T9 segmental artery, which appeared as the most likely
contributor to the anterior spinal artery (Fig 5, A). The
catheter was placed in T9 segmental artery. The cadaver
was placed in the left lateral decubitus position, the ultra-
sound probe was placed in the lower thoracic region, and
Fig 2. Interspinous space between T9 and T10 visualized at
depth range from 3 cm to 4.5 cm by high resolution B-mode.
Fig 3. One of the segmental arteries is identified in the interspi-
nous spaces at the same depth range with characteristic Doppler
waveform of high resistance flow.the distal end of the catheter was identified using the pbove-mentioned technique and landmarks. Subsequently,
rtificial blood (Radiation Measurement, Inc, Middleton,
isc) was injected through the catheter with intermittent
oluses of 3 mL to 5 mL. The artificial blood was detected
y ultrasound as bidirectional Doppler flow signal at a
epth of 6 cm (same depth range of insonation in volunteer
esearch participants; Fig 5, B). In the second part of the
xperiment, a lumbar puncture needle (16 gauge) was
laced in the subarachnoid space under fluoroscopic guid-
nce through the L3 to L4 intervertebral space. The posi-
ion was confirmed through contrast injection of the in-
erted needle with simultaneous acquisition of digital
ubtraction images. A 0.035 inch guidewire was introduced
hrough the inserted needle into the subarachnoid space
ith subsequent removal of the lumbar puncture needle. A
F straight diagnostic catheter was introduced over the
.035 inch guidewire into the subarachnoid space after
ocal tissue dissection. The diagnostic catheter was placed
nterior and midline to the spinal cord under fluoroscopic
uidance, with the distal end in the mid thoracic level.
ubsequently, artificial blood was injected and aspirated
hrough the catheter in an intermittent session to simulate
lood flow through the catheter at the anatomic location
ontiguous with the anterior spinal artery. The ultrasound
robe was placed in the lower thoracic region, and the
ength of the catheter was identified using the above-
entioned technique. The artificial blood was detected by
ltrasound as forward (during injection) and backward
during aspiration) color-coded flow at depth of about 6.2
m (same depth range of insonation in volunteer research
articipants; Fig 6).
tatistical analysis
We determined the rate of successful identification of
he anterior spinal artery and segmental arteries based on
maging characteristics, and attempted to identify factors
ssociated with successful detection. A univariate analysis
as done to compare age, gender, and BMI between
esearch participants with and without successful identi-
cation of the anterior spinal artery. We also determined
he relationship between the depth of insonation of the
nterior spinal artery and BMI. All data were descrip-
ively presented using mean  standard deviation (SD)
or continuous variables and frequencies for categorical
ariables. Statistical associations were assessed with t-test
nd 2 test for categorical variables. We used SAS 9.2
oftware (SAS Institute Inc, Cary, NC) for statistical
nalysis.
ESULTS
A total of 24 healthy volunteers were studied using the
nsonation protocol described above; 17 (70.8%) were
en, and the mean age was 32.1 years (95% confidence
nterval [CI], 29.3 to 34.8 years [Table]). The mean BMI
as 24.3 kg/m2 (95% CI, 23.2-26.1). We were able to
etect segmental arteries in all the research participants
sing linear array high frequency transducer through left
aramedian longitudinal approach from T8 to T12 level at
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high resistance flow pattern. Anterior spinal artery was
detected in 15 (62.5%) research participants at mean depth
( SD) of 6.4  1.2 cm with characteristic low resistance
bidirectional flow intermingled with the adjacent venous
flow in the Doppler spectral analysis. The anterior spinal
artery was detected by ultrasound at a depth range of 6.0
cm and 6.2 cm in the cadaveric model using artificial blood
injection through spinal angiography and simulated ante-
rior spinal artery flow, respectively. The characteristics of
such anterior spinal artery flow are presented in Fig 4, C.
Fig 4. Imaging of anterior spinal artery by high resolut
artery as a tiny structure with a diameter of 1.42 mm at th
the anterior spinal artery among venous network. C, Do
low resistance flow. *As we have used the focus option a
point of scale which was 0 is not visualized in this imageThe detection of anterior spinal artery was not associated sith significant difference for age (P  .5077) or gender
P  .1907).
ISCUSSION
To the best of our knowledge, the methodology is the
rst reported to image anterior spinal artery using ultra-
ound. Imaging of spinal vasculature by ultrasound has
een underappreciated because of the relative paucity of the
andmark guided techniques and perceived difficulty in
ltrasound penetration and imaging through narrow
coustic window between the bony frameworks of the
ltrasound. A, B-mode image showed the anterior spinal
rior portion of dural sac. B, Color-coded image showed
analysis of anterior spinal artery flow with characteristic
ptured the image at the specific depth of interest, startion u
e ante
ppler
nd capine. Furthermore, the small diameter of anterior spinal
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Volume 56, Number 3 Abd Allah et al 641artery (range, 0.5-1.2 mm)10,11 creates additional chal-
lenges for ultrasonographic identifications. Three unique
anatomic, morphologic, and functional vascular character-
istics of intrinsic spinal vasculature directly affect the meth-
ods of visualization: (1) encasement of spinal vasculature in
the spinal canal by high density skeletal formations; (2) the
extensive venous anastomosis surrounding the anterior spi-
nal artery; and (3) the bidirectional flow along its longitu-
dinal course.11-13
Our study showed that the spinal vasculature deeply
located in the spinal canal can be successfully delineated
when image acquisition and ultrasonographic parameters
are adapted to the special requirements for the unique
features of the spinal vasculature mentioned above. We
identified and reported strategies such as optimal combina-
Fig 5. A, Digital subtraction angiographic image of T9 segmen-
tal artery (arrows) in the cadaveric model acquired by selective
catheterization and injection. B, Doppler flow signal in the cadav-
eric model after injection of artificial blood recorded at depth of 6 cm.tions of image acquisition parameters like depth, gain, Yrequency control, dynamic range, color scale, and Doppler
ample size. The most accurate Doppler measurement is
hen the angle of insonation is adjusted to the direction of
ow.14 However, due to small caliber and bidirectional
ow character of anterior spinal artery, we used the 0 angle
f insonation, similar to the technique of transcranial in-
onation for small segments of circle of Willis. The 62.5%
etection rate for anterior spinal artery in our innovative
tudy is similar to the results reported by other noninvasive
ascular imaging modalities like MRA and MDCT. A re-
ent study found that MDCT identified anterior spinal
rtery in 51 (52%) of 99 consecutive patients with known or
uspected thoracic aortic disease of the study group.8
ig 6. Color-coded ultrasonography showed flow pattern of ar-
ificial blood through the 4F catheter in the cadaveric model
imulating anterior spinal artery flow at depth of 6.2 cm.
able. Results of Doppler flow and B-mode analysis for
egmental and anterior spinal arteries in healthy
olunteers
otal research participants n  24
ody mass index (kg/m2) 24.7 3.4
ge (years) 32.1  6.5
en 17 (70.8%)
uccessful anterior spinal artery detection 15 (62.5%)
egmental arteriesa
epth of insonation (cm) 3.9  0.7
eak systolic velocity (cm/s) 20.8  7.8
nd diastolic velocity (cm/s) 3.9  1.9
esistivity index 0.8  0.04
nterior spinal arteryb
epth of insonation (cm) 6.4  1.2
eak systolic velocity (cm/s) 28.1  51.0
nd diastolic velocity (cm/s) 9.2  27.0
esistivity index 0.6  0.3
iameter of the artery (mm) 1.2  0.8
ll values for continuous variables are provided as means with standard
eviation.
Data derived from 24 research participants and 96 arteries.
Data derived from 15 research participants and 15 arteries.amada et al15 were able to identify the artery of Adamkie-
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surgical or endovascular stent graft repair of thoracic and
abdominal aortic aneurysms, and they recognized the an-
terior spinal artery caudal to the junction with the artery of
Adamkiewicz in 50% of the patients, while the anterior
spinal artery cephalad to the junction was never identified.
Although the data we obtained from our study are quite
interesting from a speculative point of view, further verifica-
tion, standardization, and validation of this technique is
needed. The technique when validated and modified can be
proposed for vascular sonographers for routine intraoperative
monitoring. Ultrasound study of anterior spinal artery can
have applications in detection and monitoring of progression
of spinal arteriovenous fistulas (pre- and posttreatment) that
receive contributions from anterior spinal artery,16 spontane-
ous thrombosis and response to thrombolytics, and detection
of spinal arterial aneurysms. The technique may be useful for
routine pre- and intraoperative monitoring with appropriate
modifications in patients who need surgical or endovascular
procedure in the descending thoracic or proximal abdom-
inal aorta. Real-timemonitoring during such procedures by
ultrasound may reduce the risk of spinal cord ischemia by
intraprocedural detection allowing adjustment in tech-
nique. Contrast enhancement and higher resolution ultra-
sound technology may further contribute to such applica-
tions. As a noninvasive and bedside test, ultrasound can
provide dynamic real-time images that can be performed in
the operative settings. While the current settings may not
be desirable for procedures requiring supine patient posi-
tion, specialized holders and frames are in existence for
other modalities such as transcranial Doppler (TCD). Pro-
cedures such as carotid artery stent placement can be per-
formed under continuous external ultrasound insonation
without interfering with angiographic image acquisition.17
A similarity can be drawn to the primary introduction
of TCD ultrasound in 1982 to detect cerebral vasospasm in
subarachnoid hemorrhage patients and the expansion of
applications over the time.18 In 2004, the Therapeutics and
Technology Assessment Subcommittee of the American
Academy of Neurology concluded that TCD is of estab-
lished value in the screening of children aged 2 to 16 years
with sickle cell disease for stroke risk and detection and
monitoring of angiographic vasospasm after spontaneous
subarachnoid hemorrhage.19
The utilization may depend upon the institutional prac-
tice and service lines responsible for vascular sonography.
Furthermore, like TCD, several service lines, including vascu-
lar surgery, neurology, neurosurgery, cardiology, and radiol-
ogy, may be involved if the applications expand as anticipated.
We also understand the challenges posed by the high level of
operator skills required but anticipate that dedicated training
of vascular sonographers through educational programs by
different ultrasound societies and commissions will provide
satisfactory knowledge and experience. The technique for
appropriate insonation such as increasing depth and/or color
gain and decreasing frequency and/or color scale for in-
sonation of anterior spinal artery is based on standard practices
of ultrasound insonation.Our study has some limitations that should be ad-
ressed in further studies: (1) The study was a pilot study
ith a small sample size with relatively homogenous volun-
eers with little variations in gender, age, and BMI. Our
tudy sample lacked adequate representation of obese and
lderly persons, and it is likely that the yield of insonation
ay be lower in such individuals. Presence of spinal degen-
rative changes and deformities and associated acoustic
hadowing in elderly persons may also complicate the plane
nd yield of insonation. (2) The narrow field of insonation
as restricted between T8 and T12 based on radiological
ata and not anatomical facts, and thus we were unable to
omment upon visualization of arteries above and below
hese segments. (3) The absence of other concurrent gold
tandard imagingmodalities to compare with this volunteer
tudy. We used a cadaveric model, which provides some
onfirmation regarding the validity of the insonation land-
arks, but we acknowledge that further confirmatory in
ivo or in vitro studies are required to validate the param-
ters in multiple scenarios.
In conclusion, a new methodology was used to in-
onate the anterior spinal artery in healthy volunteers by
igh resolution ultrasound. Our report lays ground for
urther research work regarding validity, modifications, and
linical applicability of this technique.
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